Introduction
The search for alternatives to replace the fishmeal component of aquafeed has received a good deal of attention, resulting in considerable research progress over the last two decades. A vast array of proteins from both plant and animal sources have been evaluated for their suitability as partial or total replacements for fishmeal in aquafeeds [1] [2] [3] [4] [5] [6] [7] . Among the ingredients tested, industrial by-products or co-products that are considered unsuitable for direct human consumption have received much interest [8] . In this context, protein-rich co-products of the corn-milling industry play an important role as protein sources in the manufacture of animal feeds, including aquafeeds.
Corn gluten meal (CGM) and corn protein concentrate (CPC) are co-products of the corn wet-milling industry, and CGM has been used widely in aquafeeds [9] . Distillers' dried grains with solubles (DDGS) and high-protein distillers' dried grains (HPDDG) are co-products of the corn dry-milling industry that are used in fuel ethanol production. HPDDG is a relatively new product of the corn ethanol industry, and its nutritional value is much more consistent than that of DDGS [10] . Unlike other more conventional plant protein sources, such as soybean meal and cotton seed meal, corn co-products are free from anti-nutritional factors [11, 12] , and few amino acid deficiencies have been reported for them [13] . However, variations among varieties of corn co-products in factors such as percentage protein due to differences between the wetmilling and dry-milling processes have been observed.
Tilapia, a group of fish with herbivorous or omnivorous feeding habits, are the most commonly aquacultured fish in 1 3 the world. Dietary substitution of fishmeal with an alternative protein source for herbivorous or omnivorous species is considerably easier than for carnivorous species, which are nutritionally more demanding [14] .
Because tilapia can utilize a high percentage of dietary plant ingredients [15] , co-products of the corn-milling industry such as CGM and DDGS have been tested in their diets with varying degrees of success [1-3, 5, 16, 17] . However, total fishmeal replacement with a single corn coproduct has not yet been evaluated in this fish, and-to our knowledge-no attempt has been made to compare multiple corn co-products as fishmeal alternatives in a single growth trial. Our objectives here were to (1) compare the effects of total fishmeal replacement with various single corn co-products in the diet of Nile tilapia (Oreochromis niloticus) juveniles on their growth performance, feed utilization efficiency, and body composition, and (2) to determine the most suitable corn co-product for use in a zerofishmeal diet for these fish.
Materials and methods

Experimental diets
Five isonitrogenous (32 % protein) experimental diets (fishmeal-based control diet and four corn co-productbased diets) were formulated to fulfill the known nutritional requirements of juvenile Nile tilapia [18] . The proximate compositions of the main protein sources and compositions of the diets are given in Tables 1 and 2 , respectively. In the control diet, 50 % of the protein was supplied by fishmeal. In the other four diets, the fishmeal component of the control diet was fully replaced with one of four corn co-products, namely CPC, CGM, HPDDG, or DDGS. Crystalline amino acids (dl-methionine and l-lysine) were used to compensate for the amino acid deficiencies in corn-based diets.
The proximate composition and total amino acid composition of each experimental diet are presented in Table 3 . Before feed preparation, the ingredients were ground to pass through a mesh (0.5-µm) screen and then mixed using a horizontal mixer. The mixture was then moistened by adding distilled water (~20 %), pelleted, and freeze-dried. Diets were stored at 5 °C until use. The names of the five diets were designated according to the main protein ingredient, namely control (FM), CPC, CGM, HPDDG, and DDGS.
Experimental fish and rearing conditions
Nile tilapia fingerlings were obtained from the Laboratory of Fish Culture, Tokyo University of Marine Science and Technology, Tokyo, Japan. Before the start of the experiment, the fish were acclimated to the experimental conditions for 2 weeks. During this acclimation period, fish were hand-fed to near satiety twice a day using the control diet. After the acclimatization period, food was withheld for 24 h, after which 200 fish with similar initial body weights (4.0-4.5 g) were selected for potential use in the experiment. Groups of 18 fish were bulk weighed and placed into each glass tank (60 L). Five treatments, one for each diet (control, CPC, CGM, HPDDG, and DDGS), were randomly allocated in duplicate to ten (2 × 5) glass tanks. Each tank was connected to a freshwater re-circulating system in which the water temperature was maintained at 28 ± 1 °C using electrical heaters (immersion heaters). The water flow rate was maintained at 0.5 L min −1 , and aeration was provided continuously to each tank via submerged air stones. Approximately 50 % of the water in the re-circulating system was replaced with dechlorinated tap water once every 2 weeks. Fish were hand-fed to near satiety twice a day, 6 days a week for 12 weeks, and daily feed intakes were recorded.
Data collection and sampling
The 20 fish remaining from the initial stock of 200 were sacrificed using an overdose of 2-phenoxyethanol and kept at −30 °C for initial whole body analysis. During the 12-week experiment, the fish in each tank were bulk weighed at 3-week intervals. At the end of the experiment, fish were starved for 24 h and anaesthetized with 0.2 % 2-phenoxyethanol before being handled. The weight and length of each fish in each tank were measured with an electrical balance and a measuring board, respectively, to one decimal place.
Five average-size fish from each tank were euthanized using an overdose of 2-phenoxyethanol and employed to calculate the hepatosomatic index (HSI), viscerosomatic index (VSI), and fillet yield (FY). Four fish from each treatment and the fillet samples used for fillet yield determination were immediately frozen at −30 °C for final chemical analysis. Frozen samples were minced, freeze-dried, and kept at −30 °C until analysis.
The specific growth rate (SGR, %), thermal growth coefficient (TGC), food conversion ratio (FCR), protein efficiency ratio (PER), protein retention (%), survival rate (SR, %), HSI, VSI, fillet yield, and the coefficient of condition (K) were calculated by using the following equations to compare fish growth, nutrient utilization efficiency, and body indices among treatments. SGR = (ln FW − ln IW)/no. of days × 100 TGC = [(1/3 FW − 1/3 IW)/(water temperature °C) × no. of days)] × 1000 (where FW is the final mean fish weight and IW is the initial mean fish weight) FCR = feed intake (dry basis)/wet weight gain PER = body weight gain (g)/protein intake (g) Protein retention (%) = (final body protein − initial body protein)/protein intake × 100 SR = number of fish at harvest/number of fish stocked × 100 HSI = liver weight/body weight × 100 VSI = visceral weight/body weight × 100 Fillet yield = fillet weight/body weight × 100
Chemical analysis
Feed ingredients, diets, and whole-body and muscle samples of fish were analyzed in accordance with standard procedures for chemical analysis [19] . All the samples were finely ground and analyzed in triplicate. Dry matter content was calculated from the weight loss after drying the sample at 105 °C until it reached a constant weight. Ash content was determined after the incineration of samples in a muffle furnace at 550 °C for 16 h. The Kjeldahl method was used for crude protein analysis. Crude lipid content was determined by the gravimetric method after extracting the lipids into a mixture of chloroform and methanol (2:1 v/v). Amino acid content was analyzed using an automatic amino acid analyzer (JLC-500/v; JEOL, Tokyo, Japan) [20] . For total amino acids, samples were digested at 110 °C for 22 h with 4 M methanosulfonic acid (SigmaAldrich, St. Louis, MO, USA); the digested solution was then passed through a 0.45-µm membrane filter and injected into the analyzer.
Statistical analysis
Data were initially checked for normality and equal variance using Levene's test for equality of variances. The effects of different corn co-products on Nile tilapia growth performance, feed utilization efficiency, body indices, and whole-body and fillet proximate composition were compared in a one-way analysis of variance (ANOVA) at the 5 % significance level (P < 0.05). When the ANOVA found an effect to be significant, Tukey's multiple range test was used to detect differences among treatments. All statistical analyses were performed with SPSS version 16.0.
Results
Growth performances and feed utilization efficiencies
The initial weights of fish assigned to the different treatments (4.0-4.5 g) did not differ significantly (P > 0.05). However, final weight was significantly affected by the treatment applied (Fig. 1) .
Differences in the growth rates of the fish fed different diets were first observed after 6 weeks. The final mean fish weights in the five treatment groups differed significantly from each other (P < 0.05). The greatest final weight was observed in the control group, followed by the DDGS group. The lowest weight was observed in the CPC treatment. Among the corn-based test diets, the DDGS group presented a significantly greater final mean weight, followed by the HPDDG group. The final mean weight of the DDGS group was almost double than that of the CPC group. The fish weights in the CPC and CGM groups were almost the same until week 9, but by the end of the experiment the CGM group had a significantly greater mean weight than the CPC group did. The growth performance and feed utilization efficiency of each treatment group are given in Table 4 .
The % SGRs of the control and DDGS groups were significantly higher than those of the other groups. The lowest % SGR was observed in the CPC group, followed by the CGM group. TGC differed significantly among treatments Fig. 1 Mean fish weight over the experimental period (n = 2, different letters indicate significant differences, P < 0.05) and was highest in the control group. Mean feed intake was significantly higher in the control, DDGS and HPDDG groups than in the other groups. Feed utilization efficiency in terms of FCR and protein efficiency ratio (PER) was independent of the type of dietary treatment. However, protein retention was significantly affected by the treatment applied. Protein retention in the control group was significantly higher than those in the CPC and CGM groups, while the HPDDG and DDGS groups differed only from the CPC group. Survival rate differed significantly among the treatments. The CPC, CGM, and HPDDG groups had similar survival rates that were significantly lower than that of the control group, but the low survival rate observed in those treatments was due to cannibalism. The survival rate of the DDGS group did not differ from those of the control and HPDDG groups.
Whole-body and fillet proximate composition
We examined the proximate compositions of the whole body and fillet ( Table 5 ). The dry matter content of the whole body was not influenced by diet. The crude protein content of the fish whole body was significantly higher in the HPDDG group than in the other groups, with the nexthighest contents observed in the control and DDGS groups; these three groups had significantly higher feed intakes than the other treatment groups (see Table 4 ), and the control and DDGS groups had significantly higher growth rates than the others. Whole-body lipid contents in all of the corn-based treatments was significantly higher than that in the control group. Ash content was also greatly affected by dietary treatment: it was significantly higher in the control than in the other groups; the the DDGS group had the next-highest mean value. Our data on the proximate analysis of fillet samples revealed no effects of treatment on dry matter and ash. For both tilapia whole body and fillet, the crude protein content was significantly higher in the HPDDG group than in the others, whereas the crude lipid content of fillet was highest in the DDGS group. However, in the whole body or fillet, the amount of protein in the control group did not differ from that in the DDGS group; these two groups also had similar growth performances. Similar to the case for the whole body, the lowest crude lipid content in the fillet was observed in the fishmeal-based control.
We examined the total amino acid compositions of tilapia whole body at the end of the 12-week period (Table 6 ); these compositions were found to be independent of treatment type.
We also examined the morphometric indices of the different treatment groups (Table 7 ). There were no significant between-group differences in any of the indices evaluated (i.e., VSI, HSI, FY, or K value).
Discussion
Growth, in terms of the weight of a juvenile fish, usually follows a sigmoid curve, as we observed here in Nile tilapia. Although fish in all treatments showed similar growth patterns, growth rates differed among all treatments. Growth of fish is a function of feed intake and the capacity of the fish to utilize ingested food [21] . Since the feed intake in this study varied significantly with treatment, the observed variations in growth rate were likely explained by differences in feed intake.
Dietary availability of essential nutrients such as amino acids is an important influence on the feed intake of fish [22] . Therefore, differences in feed intake observed in this study can be explained by differences in dietary essential amino acid composition. Even when the diets were formulated to fulfill the essential amino acid requirements of Nile tilapia [23] (estimated using values in [24] ), analytical data showed that there were some deficiencies in amino acids such as arginine, histidine, and valine in the CPC and CGM diets. The essential amino acid compositions of the control, HPDDG, and DDGS diets were relatively similar (except for histidine), and these treatment groups showed higher growth performances and feed intakes than the CPC and CGM groups. Feed intake of fish is known to decrease when the diet lacks essential nutrients [22, 25] . Therefore, differences in amino acid composition among the diets are the most plausible explanation for the observed variation in feed intake and thus the differences in growth rate of the fish in the different treatment groups, as previously observed for Nile tilapia [26] . In addition, DDGS and HPDDG, which showed similar feed intakes to the fishmeal-based control, are co-products of the corn dry-milling process, whereas CPC and CGM are co-products of the corn wet-milling process. Because all four corn co-products were derived from the same ingredient, the observed differences in feed intake and growth are likely attributable to differences in the corn-processing method. Unlike wet-milling, dry-milling processes the whole corn kernel, which is subsequently subjected to saccharification and fermentation before the co-products are processed [26] [27] [28] . Therefore, dry-milling co-products such as DDGS and HPDDG usually contain fermentation residues, including yeast cells (Saccharomyces cerevisiae) [28] [29] [30] and other unidentified nutrients that are formed during the fermentation-distillation process [28] . Corn wet-milling uses steeping and fractionation technology to separate the corn kernel into protein, starch, oil, and fiber components, and the protein portion is not subjected to fermentation [26, 28] . Therefore, the greater feed intake and growth performance observed in the DDGS and HPDDG groups than in the CPC and CGM groups could be associated with the presence of yeast and other unidentified fermentation residues in the dry-milled co-products. This hypothesis is supported by the work reported in [31] , in which improved growth performance of Nile tilapia juveniles that were fed diets supplemented with commercial live yeast (S. cerevisiae) was observed. The yeast enhanced the appetite of the tilapia and consequently improved their feed intake. Improved feed consumption and growth of tilapia fed on diets containing DDGS have previously been reported [32] .
The % SGRs of the fish in the control, DDGS, and HPDDG groups were similar to those reported for Nile Table 7 Body indices of Nile tilapia fed various diets containing corn co-products for 12 weeks (mean ± SD, n = 10)
VSI viscerosomatic index = 100 × visceral weight (g)/body weight (g), HSI hepatosomatic index = 100 × liver weight (g)/body weight (g), FY fillet yield = 100 × fillet weight (g)/body weight (g), K coefficient of condition = 100 × body weight (g)/total length (cm) 
tilapia of a similar size in [32, 33] , but were slightly higher than those noted in [34] . Even though the % SGRs were lower in the CPC and CGM treatment groups than in the other groups, our values were consistent with the values reported in the literature for Nile tilapia of a similar size reared at 28 °C in fresh water [34, 35] . We found feed utilization efficiencies in terms of FCR and PER to be independent of treatment type despite large differences in growth parameters. These findings agree with those of a previous study [26, 33] . However, dietary ingredients appeared to affect protein retention in this study, and values in this regard are fairly similar to those reported in literature [36] . Fish can utilize organic macronutrients such as protein, lipid, and carbohydrate as a direct metabolic fuel, store them for utilization at a later date, or deposit them in structural materials, leading to growth [37] . Protein retention in this study showed a close relationship with weight gain, indicating that differences in nutrient retention are partly responsible for differences of growth. Although it was difficult to distinguish statistical differences in protein retention among the corn-based treatments, the fishmeal-based control group, which had the highest final body weight, showed greater protein retention than the CPC and CGM groups, which had lower final weights. Dietary amino acid deficiency was also observed in these two treatments, so it is obvious that protein retention was affected by dietary amino acid composition. However, it was difficult to find differences in feed utilization parameters among the corn-based treatment groups that had a significant impact on growth parameters; this may be due to the low statistical power of this study, which was caused by the limited number of replicates used.
The whole-body and fillet proximate compositions of our experimental fish were affected by the ingredients of their diet. However, the whole-body and fillet protein contents of the DDGS and HPDDG groups were equal to or higher than that of the control group. This result suggests that complete replacement of fishmeal with corn dry-milling co-products in the tilapia diet does not negatively affect the final nutritional quality of the fish products in terms of body protein.
Because the total amino acid content of the whole body did not differ significantly among treatments, complete replacement of fishmeal with corn co-products had no negative impact, even from the perspective of essential amino acids. Whole-body protein levels in the CPC and CGM groups were lower than those in the control, DDGS, and HPDDG groups, whereas the fillet protein content did not vary statistically significantly among the groups. Therefore, the lower whole-body protein percentages observed in the CPC and CGM groups were not due to differences in converting feed protein into fish muscle protein. Since whole-body protein is the average level of structural protein and muscle protein combined, the observed variation in whole-body protein among the treatment groups is due to the different effects of the treatments on structural proteins. This is partly associated with the amino acid deficiencies of the CPC and CGM diets. The fillet yield varied within a narrow range (28-32 %) in our study, and was not affected by treatment. This indicates that Nile tilapia are capable of converting corn coproducts and other ingredients into edible muscle mass at rates similar to those on a fishmeal-based diet.
Therefore, we can conclude that completely replacing fishmeal with different corn co-products had different effects on the growth performance and proximate composition of Nile tilapia whole body and fillet. Among the corn co-products tested, DDGS was found to the best choice for a zero fishmeal diet for Nile tilapia juveniles. Because we only focused here on the juvenile stage of Nile tilapia, a long-term growth trial involving more replicates and diets with balanced amino acid profiles should be performed to confirm the effects of corn co-products on the growth performance and fillet quality of marketable-size fish.
